A typical tran sv erse electrom agnetic (TEM) cell measurement procedure involves c a lib ra tin g an empty c e ll and introducing a t e s t o b ject.
Introduction
The TEM cell has emerged as a very useful low frequency measurement device [1] .
The basic TEM c ell design, as shown in fig u re 1, c o n sists of a section of rectan g u lar coaxial transm ission lin e (RCTL) coupled a t each end to ordinary 50 q coaxial cable via a tapered sectio n .
The cen tral RCTL t e s t section supports a lin e a r ly polarized TEM mode which resembles a free-space plane wave and allows one to crea te an is o la te d , standard, broadband t e s t f ie ld .
TEM cell a p p lic atio n s include the emission and s u s c e p tib ility te s tin g of e le c tro n ic equipment for EM C purposes [2] [3] , the c a lib ra tio n of probes and antennas [4] , the study of the biological e f f e c ts of r f ra d ia tio n [5 -6 ] , as well as the measurement o f the sh ield in g e f f e c tiv e ness of m aterials [7 ] .
In each case, the presence of the t e s t o bject perturbs the TEM cell environment from i t s well studied empty s ta te .
If the t e s t object is kept small compared to the t e s t chamber height, is i t then reasonable to assume th a t the cell environment is not s ig n if ic a n tly perturbed? Small o b stacle theory may be used to in v e stig a te the v a lid ity of th is assumption from two points of view. F i r s t , i f only the sc a tte re d TEM mode is considered, then the TEM cell may be viewed as a transm ission lin e c i r c u i t .
Analyzing the re fle c te d and transm itted TEM mode enables us to re p resen t the t e s t ob ject loading in terms of an eq u iv alen t T-network. The loaded TEM cell c i r c u i t may then be in v estig a te d .
Second, the e x c ita tio n of the i n i t i a l higher-order modes may be modeled. This y ie ld s a th e o re tic a l assessment of the expected f i e l d p e rtu rb atio n due to t e s t ob ject s c a tte rin g .
If the s e n s itiv ity of the desired measurement is such th a t d eviations in the cell c h a r a c te r is tic s are im portant, the present an aly sis should p re d ic t the lim its to be placed on the t e s t ob ject size and/or measurement frequencies.
Our paper begins with a review of small obstacle s c a tte rin g theory which also requires a knowledge Of the normalized modes in a c e l l 's RCTL se c tio n , the o b stacle p o l a r i z a b i l it i e s , and the in cid e n t f i e l d d is tr ib u tio n .
Combining these elements leads to a d e sc rip tio n of t e s t ob ject s c a tte rin g . Numerical r e s u lts fo r the impedance of a loaded cell w ill be compared to measured data.
Also examined is the f ie ld p e rtu rb atio n from the empty cell values due to a t e s t o b jec t.
In each case, a spherical conducting s c a tte r e r is used. A more complete discussion of the above approach has appeared elsewhere [8 ] .
Small Obstacle Theory
Small obstacle theory is the dual of the small aperture theory pioneered by Bethe [9] and o th ers. The equivalence between the two follows from B abinet's p rin c ip le .
Both problems are of longstanding i n te r e s t [10] and are o utlined here as applicable to the TEM c e l l .
The n otation is t h a t of C ollin [11] .
Given a d isc o n tin u ity in a waveguide e x cited by an in cid e n t f i e l d , E ., Hi , the sc a tte re d f ie ld s E , H outside the d isc o n tin u ity region may be expanded in terms of the waveguide's normalized modes E , H according to [11] n n E + = y a E + s n n n
where ± denotes propagation away from the d isc o n tin u ity in e ith e r the forward (+) or backward (-) d ire c tio n with the expansion c o e f f ic ie n ts given by a n and bn re sp e ctiv ely .
In g eneral, the expansion c o e ffic ie n ts must be determined by an in te g ra tio n over the source region.
However, when the d isc o n tin u ity c o n sists of elementary e le c tr i c (P) and magnetic (M) dipole moments, a n and bn are simply given by 2 a p = i/o (p0 T T n" . M -En" • P) , 
and The basic premise of small obstacle theory is as follow s:
i f both the in cid e n t f ie ld s and the sc a tte re d modes of i n te r e s t vary only s lig h tly over the o b sta cle , the sc a tte re d f ie ld s are equivalent to those produced by a p a ir of dipole moments located a t the o b stacle c e n te r.
The observation point must be s u f f ic ie n tly removed from the s c a tte rin g region to insure t h a t the ignored evanescent modes do not c o n trib u te .
This ra th e r simple model has been proven to be q u ite useful and gives good accuracy in p ra ctica l ap p lic atio n s.
The dipole moments depend on the in cid e n t f ie ld e x citin g the o b sta cle , as well as the o b stacle siz e , shape, and composition.
Because the in cid en t f ie ld is assumed to be e s s e n tia lly co n stan t over the obstacle volume, i t s co n trib u tio n may be summarized by i t s 
where eq is the free-space p e rm ittiv ity . Combining
(2) and (3) we a rriv e a t the basic equation of i n te r e s t
o n e l v o J 1
o n e l ^ o 1
In order to apply th is r e s u lt, th ree q u a n titie s need to be sp e c ifie d ; (1) the normalized modes, (2) the o b stacle p o l a r i z a b i l it i e s , and (3) the in cid e n t f ie ld s .
The Normalized Nodes in a RCTL
T ypically, a TEM cell is operated a t frequencies where only the dominant TEM mode propagates.
Thus, the higher-order RCTL modes have been considered only to the e x te n t th a t t h e i r appearance lim its a c e l l ' s usable bandwidth.
A complete modal d escrip tio n for the RCTL is unavailable.
Our d e sc rip tio n of obstacle s c a tte rin g w ill account fo r the TEM mode and the f i r s t three higher-order modes.
Modes beyond these f i r s t few should not c o n trib u te m eaningfully. Several so lu tio n s for the TEM mode f i e l d d is tr ib u tio n have appeared, based on e ith e r the conformal mapping approach [12] or the sin g u lar in te g ra l equation tech nique [13] .
The l a t t e r solution will be used since i t also generates the d esired higher-order modes. Figure 2 shows the RCTL c ro ss-sec tio n and defines the re le v an t dimensions.
The x and y axes are o rien ted as shown with the z-axis corresponding to the d irec tio n of propagation.
The normalized waveguide modes may be w ritte n as follows:
= (E ± a E ) e n , n n t z nz;
where mode, components k is the propagation constant of the n-th and the tran sv erse (su b scrip t t) f ie ld En t ' Hnt are re1atec* V 1' a t * ie admittance dyadic according to
' nt n t z mn CS (7) where CS denotes the RCTL c ro ss-s e c tio n , and 6n]n is the Kronecker d e lta function.
The f i r s t four RCTL modes are the TEM, TE01, TE10, and T E u modes [14] .
The TEq^ mode will not i n te r a c t with a t e s t ob ject located near the t e s t zone c en te r (x = 0) as t h is mode is larg e ly confined to th e gaps.
Therefore the TE0^ mode can be ignored.
The remaining modes may be found via a residue c alc u la tio n and a norm alization c o n siste n t with (7) . 
Sim ilar expressions are a v ailab le fo r the TEi0 , and T E^ modes [8 ] .
Obstacle Polarizabilities
For a p e rfe c tly conducting o b sta cle , the e le c tr ic dipole moment is re la te d to the in teg ral of the surface charge.
The magnetic dipole moment is due to the in te g ra l of c ir c u la tin g c u rre n ts. For a nonperfect conductor the surface in te g ra ls must be supplemented by a volume in te g r a l.
These in te g ra ls are d i f f i c u l t to analyze and various approximations have evolved. The sim plest i s Bethe's s t a t i c approach [9 ] .
For a p e rfe c tly conducting sphere of radius r th is method y ie ld s [11] 
where I is the u n it dyadic.
R esults also e x is t for o th er shapes ( c ir c u la r and square disks, e tc .) includ ing d ie le c tr ic bodies [15] .
Our measured data are lim ited to s c a tte rin g from a conducting sphere.
Incident Field Distribution

= Yn
For convenience the z = 0 plane will be located through the o b s ta c le 's c en te r. The norm alization con d itio n takes the form We w ill assume th a t the s c a tte rin g obstacle is illum inated by a forward propagating TEM mode as would be the case in a typical TEM cell t e s t procedure. Thus the in c id e n t f i e l d is determined by (8) .
I6 P A 3
TEM Cell Transmission Line Circuit
An empty TEM c e ll c o n s titu te s a length of tr a n s mission lin e and, th e re fo re , may be represented by an e quivalent c i r c u i t .
The t e s t ob ject c o n s titu te s a load which also has an eq u iv alen t c i r c u i t rep resen ta tio n once we have sp e c ifie d the re fle c te d and tr a n s m itted TEM mode.
A knowledge of the TEM mode expansion c o e ffic ie n ts (4) a0 and bQ leads immediately to the r e f le c tio n (R) and transm ission (T) c o e f f ic ie n ts via R = bQ , T = 1 + a.
The
The s c a tte rin g m atrix S is re la te d to the normalized impedance m atrix Z by Z = (I + S) (I -S)"*, where I is the id e n tity m atrix.
The impedance m atrix Z is normalized by the transm ission lin e c h a r a c te r is tic impedance, in th is case Zc .
The equivalent T-network shown in figure 3a follows from Z where the element impedances Za and Zb are re la te d to aQ and bQ according to 
As the o b stacle size vanishes, both aQ and bQ will go to zero. Therefore Za -> o (sh o rt c ir c u i t) and zb ® (open c ir c u i t) and the T-network reduces to a simple transm ission lin e sectio n as expected.
As an example, consider a spherical conducting o b stacle.
In th is case the p o l a r i z a b i l it i e s are given by (10) .
A s u b s titu tio n of (10) in to (4) along with the TEM mode r e s u lts (8) and (9) 
where the fa c to r, 
kor ® Fx y |
Thus we see th a t loading due to a spherical conductor c o n sists e s s e n tia lly of a small se rie s capacitance (Z ) and a larg e shunt capacitance (Zb) .
The T-network rep resen tin g the obstacle loading may be included in the overall transm ission lin e network as shown in fig u re 3b.
The t e s t o b jec t is assumed to be centered in the RCTL section which has a length 2lrqtl and a c h a r a c te r is tic impedance Zc . Id e a lly , the tap e r se c tio n s, of length Lj/^p£R > should have the same impedance as the RCTL se c tio n , however, in p ra c tic e some deviation is expected. Therefore, the tap e r sectio n s are shown e x p lic itly and t h e i r c h a r a c te r is tic impedance is denoted by Tests were performed in a NBS TEM c e ll to assess the v a lid ity of the above TEM cell equivalent c ir c u i t re p rese n tatio n .
The cell dimensions are a = 15 cm, b/a = 1, and g/a = .17. The tap er and RCTL impedances were measured using a time domain reflecto m eter (TDR) which y ield e d zc » 49.5 Q and zj /\per " 51 The cell was designed to have an impedance o f 50 Q. Cell impedances w ithin 2 a of the ideal 50 a value are considered acceptable.
The RCTL sectio n has a length of 2 LRCTb = 30 cm. The tap e r length is somewhat ambiguous since i t may be measured along the cen ter of the inner conductor (15 cm), along the outside of the tap er (25 cm), or somewhere in between.
Because th is is a small gap c e l l , the c h a r a c te r is tic impedance in the tapers should be dominated by the gap siz e. Therefore i t seems ap p ro p riate to use the outside tap er dimension, th a t is Lj Ap^p = cm.
The c ell was term inated with a 50 Q load and a spectrum analyzer was used to measure the input impedance.
Three spherical conductors were used to load the c e l l . Figure 4 shows the magnitude of the c e l l 's input impedance versus frequency. Theoretical curves (so lid lin e s) based on (17) and our transm ission lin e c i r c u i t ( fig . 3b ) are shown along with measured data ( s ta r s ) fo r the empty cell case (no lo ad in g ).
At the low frequency end (le s s than 100 MHz), the 50 q term ination load dominates.
As the frequency is increased both Zc and ZjAPER become im portant.
The curves b a sic a lly agree up to around 400 MHz whereupon they diverge s ig n if ic a n tly . An im portant fa cto r a ffe c tin g the accuracy of our model is the s t a b i l i t y of the various impedances.
Although measured values fo r Zc and ZjApER are being used, the TDR r e s u lts re p resen t time averaged data, in t h is case fo r a spectrum reaching the 12 GHz range.
At sp e c ific frequencies, the actual RCTL and tap e r c h a r a c te r is tic I6 P A 3 impedances may well deviate 1 q or more from the TDR values.
In p ra ctice th is means a VSW R of le s s than 1.05, which is acceptable for normal c ell usage. Against th is c r it e r io n , the q u a lita tiv e agreement found in fig u re 4 is q u ite s a tis f a c to r y . Figure 5 gives r e s u lts fo r the same cell with a 4.35 cm conducting sphere introduced.
The sphere is centered in the t e s t chamber ( i . e . , x = o and y/b = .5) and occupies s lig h tly le s s than a th ird (29%) of the t e s t chamber height.
The curves vary l i t t l e from the empty cell case, except above 400 MHz where the measured data decrease somewhat.
I f we increase the diameter of the spherical load to 6.5 cm (43% of the chamber height) as shown in fig u re 6 , then the decrease in impedance magnitude for the upper frequency range (> 400 MHz) is accentuated.
However, below th is range the deviation from the unloaded cell again remains small.
These
Therefore, the use of th is c e ll would normally be below 400 MHz, the range where our model gives the b est r e s u lts .
F in a lly , a 10 cm diameter conducting sphere was introduced and the r e s u lts are shown in fig u re 7.
This sphere occupies 67% of the t e s t chamber height, and as may be seen the loading e f f e c t is s ig n if ic a n t when compared to the empty c e ll.
This sphere did ex cite the TE011 cavity resonance j u s t above 400 MHz, beyond which our tr a n s mission lin e model no longer ap p lies and the poor agreement is expected.
Taken to g eth er, these curves demonstrate th a t small o b stacle theory gives a reasonable d escrip tio n fo r the loaded TEM c e l l .
Below the f i r s t cell resonance, the model p re d ic ts well both the frequency dependence and the magnitude of the impedance v a ria tio n due to loading.
In ad d itio n , our theory supports the common p ra c tic e of ignoring loading e f f e c ts i f the t e s t o b jec t size is kept le s s than a th ird of the chamber height.
These r e s u lts should prove useful in p red ictin g whether a p a r tic u la r measurement will be compromised by the impedance change due to loading.
Small Obstacle Field Scattering
A second concern to TEM cell users is whether the f ie ld d is trib u tio n is a lte re d by the t e s t o bject presence.
We w ill consider the RCTL sectio n only, as i f i t were i n f i n i t e , and again use a c e n tra lly located (x = o, y/b = .5) spherical conductor as the s c a tte rin g ob stacle.
The RCTL modes will be excited according to
(1) with the expansion c o e ffic ie n ts determined by (4) .
The in cid en t f ie ld is again assumed to be a forward tra v e lin g TEM mode, thus a0 and b0 are given by (15) .
The s c a tte re d TE10 and TE^ modes follow from (1) and (4) with the ap p ro p riate f ie ld expressions in se rte d [8] .
The previous section in d ic a te s th a t the TEqj mode will not be im portant.
We will use a sphere of radius r/b = .2 for our numer ical study.
All o th er parameters w ill be chosen as in the previous examples.
Rather than examine the f ie ld d is trib u tio n in any s p e c ific plane, we w ill in v e s tig a te the p e rtu rb atio n to the primary TEM mode f ie ld components, Ey and Hx , a t the cen te r of the t e s t chamber cross section ( i . e . , the sphere lo catio n ) as a function of z, the longitudinal distance away from the s c a tte rin g sphere.
The wave impedance E /H x w ill also be p lo tte d . Each parameter w ill be normalized by i t s unperturbed (empty c e ll) value, thus unity rep resen ts a zero p e rtu rb a tio n . Figure 8 shows numerical re s u lts fo r the above described a n a ly sis, with the frequency chosen such th a t kQa = 1. At th is frequency only the TEM mode propagates. As may be seen, there is no p e rtu rb a tio n in the forward d ire c tio n (z > o). However, some change is apparent for z < o, caused by the g re ater b ack scatter c o e f f ic ie n t of the TEM mode ( | b Q| > |a Q| ) and the phase beating between the in cid en t and re fle c te d TEM modes. I f we examine sep arately the e x c ita tio n of the evanescent higherorder modes, we fin d they do not c o n trib u te s ig n if ic a n tly in e ith e r d ire c tio n .
Thus we may con clude th a t the loading prim arily a f f e c ts the f ie ld d is tr ib u tio n via the s c a tte re d TEM mode. If we increase the frequency, and thereby the e le c tr ic a l cross section of the sphere, then we expect a g re a te r sc a tte rin g e f f e c t. Both Ey and Hx are increased y ield in g e s s e n tia lly the same wave impedance. The in te rfe re n c e between the in cid e n t and forward s c a tte re d TEM modes is le ss pronounced than in the backward d ire c tio n .
Again the v a ria tio n s are essen t i a l l y due to the s c a tte rin g of the TEM mode alone.
Conclusions
This paper has applied small o b stacle theory to evaluating the e f f e c t of a t e s t ob ject on the TEM cell environment.
In p a r tic u la r , we have examined the transm ission lin e loading and the f ie ld s c a tte rin g due to a conducting sphere.
Results suggest th a t the f i e l d d is tr ib u tio n in sid e the cell is more s ig n if ic a n tly a ffec te d by the presence of a t e s t o b jec t than are the c e l l 's transm ission lin e c h a r a c te r is tic s .
In each case, the p resen t an aly sis may be used to assess whether loading should be of concern in a given measurement task involving a TEM c e l l . who c o n trib u ted during th is in v e s tig a tio n . 
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